populations was investigated from 1985 to 1992 in eastern Hokkaido (Abashiri, Nemuro, and Kushiro area), Japan. This parasite needs two hosts to complete its life cycle; the gray-sided vole as its intermediate host and the red fox as its final host. We found that: (1) Infection rates in foxes depended on the current-year abundance of voles in all three study areas, particularly in Abashiri. (2) In addition to this direct density-dependence, delayed density-dependence between the infection rate and the prior-year abundance of voles was detected in Nemuro and in Kushiro. (3) The regional differences in density-dependence pattern were related to regional differences in the winter food habits of red foxes: in Abashiri the proportion of voles in the fox's diet greatly decreases in winter, while the proportion remains high in winter in Nemuro and in Kushiro, probably because of shallower snowpack. These results suggest that infection rates in foxes in Abashiri were less influenced by the prior-year prevalence, since the infection cycle might be interrupted in winter, when voles became less important in fox's diet. In contrast, the state of the prevalence may carry over from year to year in Nemuro and in Kushiro, because red foxes continue to eat a considerable amount of voles throughout year. The regionally contrasted results for the relationship between infection rate in foxes and vole abundance were parallel to the regional difference in fluctuation pattern of vole populations, which are highly variable in Abashiri area, but less variable in Kushiro-Nemuro area. Drastic change in vole populations appears to affect the host-parasite system.
Introduction
The vole Clethrionomys rufocanus (Sundevall, 1846) is the most common small mammals in Hokkaido, Japan (Ota 1984; Henttonen et al. 1992; Kaneko et al. 1998) . Its populations greatly fluctuate with periodic or aperiodic pattern (Bjarnstad et al. 1996 (Bjarnstad et al. , 1998 Stenseth et al. 1996; Saitoh et al. 1998b ). Many carnivorous species depend on this vole. For instance, even the red fox (Vulpes vulpes (L.)), which is a typical generalist predator (Lloyd 1980) , selectively takes this vole like a specialist predator in Hokkaido (Yoneda 1979) . In Fennoscandia, populations of foxes track vole populations (H6rnfeldt et al. 1986; Lind6n 1 ) E-mail: bedford@ffpri-hkd, affrc, go.jp 2) E-mail: takaken@iph.pref. hokkaido.jp 1988; Lindstr6m 1989; Small et al. 1993 ) and reproduction and feeding pattern of predatory species are also greatly influenced by the population fluctuation of voles Korpim/~ki et al. 1991; Korpim~iki 1994; Lindstr6m 1992 Lindstr6m , 1994 . Thus the most common voles could be the keystone species that essentially influences the predator-prey system, and also could be essential for the host-parasite system with parasites that alternate hosts to complete their life cycle in wildlife. Populations of such parasites may respond to host densities through interactions between intermediate (a prey species) and final (a predator species) hosts (e.g. Haukisalmi and Henttonen 1994 ), which in turn may both be affected by the parasites.
Echinococcus multilocularis Leuckart is a taeniid cestode; voles are its intermediate host and foxes, which prey
SAITOa & TAKAr~Sm on voles, are its final host (Fig. 1 ). The disease caused by E. multilocularis, alveolar echinococcosis, is a serious zoonosis in central Europe, North America and east Asia (Schantz et al. 1995) . In Japan this disease had been restricted to an islet, Rebun (Fig. 2) . In 1965, however, the first human case was reported on the main island of Hokkaido. Since then the disease has been spreading all over the island, being particularly serious in eastern regions of the main island.
In Hokkaido E. multilocularis maintains its life cycle mainly in two hosts, the gray-sided vole (Clethrionomys rufocanus) and the red fox (Vulpes vulpes) (Ohbayashi 1996) . Here, we report yearly changes in infection rates of the parasite (E. multilocularis) in red fox populations and analyze effects of fluctuating abundance of gray-sided voles on the infection rates in three eastern regions of Hokkaido.
Materials and methods

Study area
Hokkaido is the northernmost island (41024 ' -45o31 ' N,  139~176 of Japan, covers 78,073 km z, and is divided into 14 administrative districts. Alveolar echinococcosis was restricted to Rebun islet for about 30 years in Japan, since the first human case was reported in 1937. However, the disease was found in the main island of Hokkaido (Nemuro city) in 1965, and has since spread all over the main island from the core of the eastern regions (Fig. 2) . As of 1994, 213 human cases had been reported from the main island. Of 152 patients found between 1965 and 1989, 85 .5% are from the eastern regions (Suzuki et al. 1993) . In contrast, this disease has recently been eradicated from Rebun islet, by controlling its final hosts. We focused on three eastern districts (Abashiri, Nemuro, and Kushiro), because the parasite may have established itself for sufficient length of time to be analyzed (Takahashi in preparation).
The studied three districts covers about 26% (20,183 km 2) of the island's total area (Fig. 2) . Northeast coasts (Ohmu town, Mombetsu town, and Abashiri city in Abashiri district) have more snow than southeast coasts (Nemuro and Kushiro city), although there are no distinct deviations in temperatures (Table 1) .
The gray-sided vole is the most common small mammal in Hokkaido. It is abundant in forests as well as in open fields, probably because of the absence of Microtus in Hokkaido (Ota 1984) . The main predators are the least weasel (Mustela nivalis L.) and the red fox, although the predator community is rich in Hokkaido, but has fewer nomadic predators (Henttonen et al. 1992) . A rich alternative prey community (hares, grouse, and frogs) also 
Fox infection rate
During 1985-1992 the Hokkaido government collected 9,828 red foxes, which were hunted in winter (from November to March) all over the island, to monitor infection rates of E. multilocularis. The total sample sizes and its range (in parentheses) for the eight years in the three districts were as follows: 1,159 (110-180) for Abashiri; 966 (80-146) for Nemuro; 845 (48-189) for Kushiro. Veterinarians and/or specialists inspected a part of the small intestine (the last 30 cm) of each red fox with a stereoscopic microscope in a special room for the necropsy.
Vole census
Since 1954 the Hokkaido government has carried out a incentive program for private foresters to census voles for pest management (Kaneko et al. 1998) . Since the same year the Forestry Agency of the Japanese government has also carried out similar censuses in national forests all over Hokkaido (see Saitoh et al. 1997 Saitoh et al. , 1998b for details of census methods). Of these two potential sources of data, we used the census data from private natural forests investigated by designated, trained specialists, because most private forests are near suburban or cultivated areas, and therefore offer suitable habitats for red foxes. In contrast most national forests are located in mountainous areas (Kaneko et al. 1998) . The trappings were carried out at 18 sites in Abashiri, at three sites in Nemuro, and at nine sites in Kushiro. The averaged values of fall census (150 trap nights; 50 traps for three nights in September/October) were used as indexes of vole abundance, which are good indicators of yearly population levels because vole popu- Table 1 . Meteorological data for principal towns/cities in eastern Hokkaido (see Fig. 2 ). Values of temperatures are given as monthly averages during 1985-1992 in each category. The lowest and highest temperatures in a year usually occur in January and August, respectively. The total precipitation (mm), the maximum snow depth (cm), and the number of days with snow cover over 10 cm in a year are also given as averages during 1985 -1992 (source: Sapporo District Meteorological Office 1991 , 1992 SAtTon & T~M-L~Sm lations usually reach their maximum abundance in fall (Saitoh 1987; Saitoh et al. 1998a) . Even though most data on infection rates in foxes in Nemuro district came from foxes hunted in Nemuro city (70.2%), the three vole trapping sites in this district did not include Nemuro city. Thus, we used the fall census data on voles in national forests, instead of the data in private forests. As the national forests include Nemuro city, Bekkai town, and Hamanaka town, we compared infection rates in foxes in these city or towns with the census data on voles.
Assumptions and regression analyses
In Hokkaido E. multilocularis maintains its life cycle mainly in two hosts, the gray-sided vole and the red fox (Ohbayashi 1996) . Although other rodents (C. rutilus (Pallas), C. rex Imaizumi, Apodemus argenteus (Temminck) , Mus musculus L., Rattus norvegicus (Berkenhout)), can be intermediate hosts and the raccoon dog, Nyctereutesprocyonoides (Gray), can be a final host in the wild, their roles are minor in the infection cycle of natural populations, because of their small population sizes and/or low infection rates (Ohbayashi 1996) . The transmission cycle comprises three stages (Fig. 1 ). An infected fox sheds feces with E. multilocularis eggs. The eggs are ingested by a gray-sided vole and hatch in its stomach. The oncospheres penetrate mucosa in the small intestine and transfer through the blood stream to the liver, where they develop asexually into metacestodes and increase in number. The infected vole is eaten by a fox, and the parasite completes its sexual development between villi of the small intestine in the fox, leading to egg formation. This infection cycle may be completed several times a year.
An infected fox begins to shed feces with eggs four to five weeks after infection; the number of eggs in feces increases rapidly and then gradually decreases (Yagi et al. 1996) . Since no eggs were detected in fox feces three months post-infection (Yagi and Ito 1994) , adult parasites may leave the fox several months after infection. Eggs excreted by the fox are small and oval (30 micrometer in diameter), notably resistant to adverse environmental conditions. Eggs do not lose the infectivity to intermediate hosts for more than 200 days in some laboratory and field environments (Ishige et al. 1993; Veit et al. 1995) .
Density-dependent interactions are expected between the intermediate (prey) and the final host (predator). Predators immediately (functionally) respond to prey densities by switching their prey species, whereas predators specialized to a prey species are expected to exhibit delayed numerical response to prey densities (see for wildlife examples; Korpim~iki and Norrdahl 1991; Korpim/iki et al. 1991; Korpim~iki 1993; Rohner 1997) . These relationships may affect the transmission cycle. The infection rate for foxes (rt) depends on the number of infected voles that a fox eats. The number of infected voles taken by a fox is determined by the infection rate in voles (qt) and the amount of voles in a fox's diet (Vt; Fig. 3a) . The infection rate in voles depends on the amount of eggs in the environment, which is determined by the number of infected foxes (Prrt; Fig. 3b ). The amount of voles in a fox's diet (Vt) depends on the vole abundance (Nt), if the predation of foxes functionally responds to vole abundance (Fig. 3c) . If fox specialized to the vole, delayed numerical response is expected; i.e. fox populations (Pt) track vole populations with lag (Fig. 3d) . Although the infection rate in voles (qt), the amount of voles in a fox's diet (Vt) and the fox abundance (Pt) are unknown in this study, these three parameters may be a function of the vole abundance (Nt).
Thus some relationship between the infection rate in foxes (rt) and the vole abundance (Nt) could be expected. Furthermore, a delayed effect may emerge from the interactive relationship between predator and prey, since the infection cycle may be completed several times during a year.
The infection in foxes was examined in winter. Since adult parasites leave the fox several months after infection (Yagi and Ito 1994) , foxes having the parasite in winter are probably infected in fall-winter. We could, therefore, expect some relationship between the infection rate in foxes in winter and the autumn abundance of voles. If we also assume delayed effects in the Relationships are indicated by a tentative line (or curve).
interactive relationship between foxes and voles, the infection rate in foxes may be associated with the fall abundance of voles in the current and the previous year, and the prior infection rate in foxes. We analyzed this relationship using the logistic regression (SAS, The GENMOD Procedure and SPSS for Macintosh release 6.1); the vole abundance and the prior infection rate were transformed into the natural logarithmic form and the logit form, respectively. The permutation test for two independent samples was used for comparison of the infection rates and vole abundance between regions (Siegel and Castellan 1988) .
Results
Infection rate in foxes
The infection rates of E. multilocularis in foxes greatly fluctuated during 1985-1992, and the fluctuation patterns were similar in Abashiri and in Kushiro (Fig. 4a, c) . The highest peaks occurred in 1986 in these districts and average rates (SE) were similar, 21.1% (4.12) in Abashiri and 20.2% (3.34) in Kushiro. Infection rates in Nemuro were relatively stable in comparison and significantly higher than in the other two districts ( Fig. 4b ; Permutation test, P=0.023 for Abashiri, P=0.016 for Kushiro). The average rate in Nemuro (44.7%; SE = 3.88) was more than twice as high as in the other districts. Amplitude, which was indicated by the average difference between the highest and lowest infection rate within three years on log-10 scale, was 0.20 in Nemuro, 0.42 in Abashiri and 0.32 in Kushiro.
Vole abundance
Vole abundance were also significantly higher in Nemuro than in the other two districts (Permutation test, P--0.016 for Abashiri, P--0.031 for Kushiro; Fig. 4 ). The average abundance (i.e. the number of captured voles .per 150 trap-nights; 0.5ha) in Nemuro (14.6; SE=2.71) was more than twice as high as that in Abashiri (6.0; SE = 1.94) and in Kushiro (6.7; SE--1.29). Although vole populations appeared to fluctuate more greatly in Abashiri and Nemuro than in Kushiro, the amplitude in Nemuro (0.48) was smaller than in Abashiri (0.83) and in Kushiro (0.81). 
Relationship between fox infection and vole abundance
The infection rate in foxes and vole abundance fluctuated synchronously in Abashiri (Fig. 4a) . There, at least, it cannot be doubted that the infection rate in foxes depends directly on vole abundance. In Nemuro the infection rate seemed to track the vole abundance with one-year lag (Fig.  4b) . In Kushiro infection rates in foxes showed similar (but less clear) patterns to those in Nemuro (Fig. 4c) .
The relationship between infection rate in foxes and vole abundance was analyzed by the logistic regression (Table 2) . When the data in three districts were combined, the significant interaction was found between region and infection rates in foxes in year t-1 (rt 1) and the significance of the interaction between region and the current-year abundance of voles (Nt) was marginal. This implies that influential variables on infection rates in foxes (r3 differed among the three regions. Only the currentyear abundance of voles (N3 was significant in Abashiri. Voles abundance in both the current year (Nt) and previous year (Aft 1) were significant in Nemuro. All three variables were significant in Kushiro. Although a significant correlation was detected between infection rates in foxes in year t-1 (rt-l) and vole densities in year t-1 (Art l) in Abashiri (Kendall's test, t=0.810, P=0.011), this correlation did not affect the results of the regression analysis. No other correlations were found between indicators. Table 2 . Summary of results of logistic regression analyses. The occurrence of infected foxes per year was regressed on three indicator variables: the infection rates in foxes in year t-1 (rt-l) ; vole abundance in year t (N/), and vole abundance in year t-1 (Nt-1). Regression coefficients (3), standard error (SE) of the coefficients, test statistic (the Wald statistic), partial correlation (R), and the odds of an event occurring (Exp(3)) are given for each variable. Interaction between region and variables was analyzed combining the data in the three regions. *** P<0.001. 
Whole data
where W is the Wald statistic, K is the degrees of freedom for the variable, and LL(o) is the log likelihood of a base model.
Discussion
Abundance of gray-sided voles directly affected infection rates of E. multilocularis in red foxes in the three study regions, particularly in Abashiri (Fig. 4) . The infection rates in foxes in Nemuro and in Kushiro were also significantly influenced by vole abundance in the previous year ( Table 2 ). The effects of vole abundance in the current year (Nt) may derive from the functional response of foxes to vole abundance, while several candidates could be listed for causes of the delayed effect of vole abundance; e.g. the numerical response of foxes to the vole abundance, the interactive relationship between fox and voles.
The red fox is an opportunistic predator feeding mainly on small rodents (Lloyd 1980) ; such general food habits are also observed in Hokkaido (Abe 1975; Misawa 1979; Yoneda 1979 Yoneda , 1982 Kondo et al. 1986 ). As vole densities increase, red foxes eat more voles (Abe 1975; Yoneda 1983; Giraudoux 1991; Ferrari and Weber 1995) . Direct density-dependence of infection rates in foxes on vole densities is therefore reasonable, because the more voles a red fox eats, the more likely the fox is to be infected. Haukisalmi and Henttonen (1994) reported the high frequency of bank voles (C. glareolus) infected by tapeworms (Taenia polyacantha) at high-density prey patches, at which foxes foraged intensively.
In both Nemuro and Kushiro, infection rate (rt) was significantly influenced by the prior-year vole abundance (Art 1) in addition to those in the current year (Aft; Table 2 ).
Fox food habits are determined by food availability. For instance heavy snow or grass cover deters foxes from hunting voles (Yoneda 1983; Lindstr6m and H6rnfeldt 1994) . In Abashiri the proportion of voles in the diet of red foxes decreases from 20-40% in fall to 5-10~ in winter (Yoneda 1982) , whereas the proportion is still high (43-56~ in winter in Kushiro and in Nemuro (Abe 1975; Kondo et al. 1986 ), probably because of less snow (Table  1 ). Regional differences in winter food habits of foxes should influence the overwintering process of the parasite. In Nemuro and Kushiro the infection cycle may be maintained even in winter, since foxes continue to eat voles, whereas in Abashiri the infection cycle may be interrupted in winter, when the proportion of voles in the fox's diet becomes extremely low. The infection rate in Abashiri should thus be less influenced by the state of the prior-year prevalence. In contrast, in Nemuro and Kushiro, the relationship may carry over from year to year.
Although red fox populations may respond to vole densities through other process for delayed density-dependence, i.e. numerical response, there are unfortunately no reliable data on population dynamics of the red fox in Hokkaido. In Fennoscandia, however, several fluctuation patterns in red fox populations have been observed in connection with vole densities. Populations of foxes track vole populations (H6rnfeldt et al. 1986; Lind6n 1988; Lindstr6m 1989; Small et al. 1993) ; fox populations exhibit cyclic fluctuations in the north where fewer alternative prey are present, whereas it is more stable in the south where the diet is more diverse (Englund 1970; Angelstam et al. 1984 Angelstam et al. , 1985 . Hokkaido has a rich alternative prey community (hares, grouse, and frogs) like southern Fennoscandia (Henttonen et al. 1992) , though some vole populations in Hokkaido are cyclic as well as those in the north of Fennoscandia (Bjornstad et al. 1996 Stenseth et al. 1996; Saitoh et al. 1998b) . Fox populations therefore would not respond numerically to vole populations in Hokkaido.
The regression results in Nemuro and Kushiro were similar, except that the prior-year fox infection rate, which was significant in Kushiro, was not significant in Nemuro (Table 2) . Infection rates in foxes in Nemuro were always high. Fluctuations in the infection rate at a high level would hardly affect subsequent prevalence, if there is the upper limit in its effects.
The present analyses may be too simplistic to elucidate the mechanisms of prevalence of E. multilocularis with alternating hosts. We ignored seasonal changes in infection rates both in red foxes and in voles. The transferring process of eggs from fox feces to ingestion by a vole is still unknown in the field. Abundance of the final hosts (foxes), the degree to which the parasite induces host disadvantage, and immunity are also not known. Thus, it is very difficult to discuss the present results in context with a general model explaining parasitic infection (e.g. Anderson and May 1979; May and Anderson 1979) . Nevertheless several interesting facts could be detected. Different responses of infection rates in foxes to vole abundance between Abashiri (direct density-dependence), and Nemuro and Kushiro (direct and delayed density-dependence) should be noticed among them. As a plausible explanation we discussed the functional responses of foxes to vole densities and the overwintering process of the parasite.
The regionally contrasted results for the relationship between infection rate in foxes and vole abundance are parallel to the regional difference in fluctuation pattern of vole populations in Hokkaido. Vole populations in Abashiri area are highly variable and cyclic, whereas those in Kushiro-Nemuro area are less variable and less cyclic Saitoh et al. 1998b) . Drastic change in populations of this keystone species may essentially affect the host-parasite system. This study demonstrates the tight relationship between voles and foxes through the parasite E. multilocularis in the field. The regional differences suggest that the host-parasite relationship is variable. Species and population fluctuation patterns of a main intermediate host of this parasite differ among regions; e.g. Microtus species are more important than Clethrionomys species in central Europe and central North America, though the red fox is the main final host in these regions (Raush 1995). Thus comparative studies among different ecological systems must be warranted.
Field studies, which measure other parameters than ones reported here, are also required to hypothesize for the mechanism of the host-parasite system. Although we suggest that the functional responses of foxes to vole densities and the overwintering process of the parasite may be essential for the host-parasite system, mechanistic explanation in this multiple species system is still speculative. We hope that further empirical and theoretical work are stimulated by this study.
